Abstract: Remediation of sites contaminated by toxic chlorinated organic compounds by using nanoscale iron particles (NIP) has received great attention owing to their high reactivity resulting from small size and large reactive surface area. However, adequate delivery of NIP into the contaminated zones for in situ remediation applications is difficult because of NIP agglomeration and sedimentation. Different surface modifications of NIP are suggested to enhance the transport of NIP in soils. This study investigated the transport and remediation efficiency of bare NIP and lactate-modified NIP (LMNIP) in field sand contaminated with pentachlorophenol (PCP). Soil column experiments were conducted to investigate the reactivity and transport of NIP and LMNIP at different concentrations (1 and 4 g=L) under two different constant hydraulic gradients, and the consequent degradation of PCP in the soil. Bare NIP was transported only to limited distances and its distribution through the soil was nonuniform; however, LMNIP was transported uniformly throughout the soil column. Surface modification with aluminum lactate retarded agglomeration and sedimentation of NIP, but the reactivity of NIP decreased. Permeability of the soil was not impacted at low concentrations of NIP; however, at higher concentrations, NIP appeared to clog the pores, reducing soil permeability. LMNIP did not clog the pores even at higher concentration and maintained higher flow, indicating no impact on the permeability. The degradation of PCP was 53.2 and 54.8% with bare NIP at concentrations of 1 and 4 g=L, respectively, whereas the degradation of PCP was 61 and 51.6% with LMNIP at concentrations of 1 and 4 g=L, respectively. The removal of PCP from the soil on the basis of effluent analysis ranged from 6 to 14%. The low degradation of PCP may be attributed to varying reactivity depending on the dissociation and desorption of PCP from soil as a function of soil pH changes, as NIP is transported through the soil. Surface coating with lactate in LMNIP also may have hindered the direct contact of PCP with NIP during the initial stages of transport, but the reactivity of LMNIP increases to the same level as bare NIP at later times.
Introduction
Extensive worldwide use of pentachlorophenol (PCP) has led to serious subsurface contamination problems, posing a hazard to public health and the environment. PCP is a chlorinated hydrocarbon insecticide and fungicide used primarily to protect timber from fungal rot and wood-boring insects. However, PCP is toxic to humans and the environment. Skin penetration is believed to be the major dangerous route of exposure, but inhalation and ingestion of PCP also may be possible exposure routes. PCP mainly affects the kidney, liver, pulmonary system, and central nervous system. Arcand et al. (1995) showed that the solubility of PCP ranges from 10 to 20 mg/L of water, and it increases with pH. PCP is moderately persistent in the soil environment and difficult to biodegrade. Therefore, there is a need to employ an active remediation technology such as chemical reduction.
In-situ chemical reduction using nanoscale iron particles (NIP) is one of the developing techniques that has the potential to effectively reduce PCP in contaminated soils. The technology consists of injecting the NIP into contaminated zones to react with the contaminants. The small particle size and the large surface area to mass ratio endows NIP with high reactivity, Wang and Zhang (1997) revealed that NIP could remediate more contaminant mass at a higher rate compared to microscale iron particles, and Elliot and Zhang (2001) used NIP to decontaminate trichloroethene (TCE) by converting it to ethane according to the reaction below:
The reactivity of NIP with contaminants is investigated most often in aqueous media. Only a few studies have reported the reactivity of NIP with chlorinated organic contaminants in soils, and these studies involved performing batch experiments with soil suspensions. For example, 90% of PCB was degraded in aqueous solution, but only 38% was degraded in soils. The difference in the reactivity is attributed to the availability of PCB for reaction, i.e., PCB had to desorb and/or diffuse out of the soil particles to be in contact with the nanoscale iron surface for effective reaction (Varanasi et al. 2007; Wang and Zhang 1997) . The reaction rate in soils increased with increasing NIP concentrations, and also with an increase in reaction time (Varanasi et al. 2007; Chang et al. 2007 ). The reactivity of NIP with organic contaminants in soils is more than that observed by using microscale size iron. For example, Chang et al. (2007) reported pyrene removal of 60% from soils in Taiwan by nanoscale iron, whereas microscale iron was able to reduce 11%. The reactivity of pyrene in soil followed pseudo first order. With time, foreign materials such as oxides get deposited on the surface of the iron particles, reducing reactivity. Recently, Reddy and Karri (2008a, b) investigated the efficiency of NIP to promote the reductive degradation of PCP in a clay soil. A series of batch experiments was conducted using kaolin as a low permeability clay soil that was spiked with PCP at 1000 mg=kg and NIP at different concentrations. Specifically, different contact times (1 to 48 h) and different NIP concentrations (1 to 100 g=L) were investigated. PCP concentrations in supernatant and the PCP residual in soil were measured for each test. The results showed that 80 to 98% PCP was removed from the soil within one hour, and PCP reduction increased from 50 -78% at 1 h contact time to 40 -90% at 24 h contact time for different NIP concentrations. There was no significant effect of NIP concentration on the PCP removal; however, the amount of PCP reduction increased with increasing concentrations of NIP, form 30% at 1 g=L to 98% at 100 g=L. There appeared to be an optimal NIP concentration beyond which benefits are diminished.
Adequate mobility of NIP is required for in situ subsurface remediation application because the NIP have to travel to the contaminant for remediation to take place (Kanel and Choi 2007; Reddy and Karri 2007) . Despite the excellent reactivity with organic pollutants such as PCP, the transport of NIP in soils is shown to be limited owing to agglomeration and sedimentation. Thus, NIP do not exist at the nanoscale when they agglomerate, thereby reducing the surface area, which in turn reduces reactivity. Because of agglomeration of NIP, they have limited transport in soils, making it difficult to reach the contamination zone. Schrick et al. (2004) revealed that the transport of NIP through most environmental media such as soil is difficult or not possible if the surface of iron particles is not modified. NIP modified with polyelectrolytes and polymers exhibited increased mobility, which enhances NIP transport through soils (Saleh et al. 2007 ). The surface modifiers may include dispersant/modifiers such as polymers, cyclodextrins, lactate, guargum, and starch (Reddy 2006; Saleh et al. 2007; Schrick et al. 2004; Yang et al. 2007; Tiraferri et al. 2008) . The reactivity of such modified NIP tends to reduce attributable to the modification. Modified nanoscale particles are more stable dispersed, and homogeneous in solution, thus decreasing the rate of sedimentation and aggregation (Yang et al. 2007; Kanel et al. 2008; Schrick et al. 2004; Saleh et al. 2007 ). However, the hydrodynamic diameter and other properties of modified particles tend to change (Tiraferri et al. 2008; Saleh et al. 2007) , which affects the mobility in soils.
Modified NIP exhibit a low sticking coefficient owing to high cation exchange capacity and high negative surface density, which implies that there seems to be repulsion among negative clay particles and negative particles of the modifiers (Schrick et al. 2004 ). Transport of NIP through a sand column of low ionic strength showed that a very low amount of iron eluted, approximately 1:4 AE 3%. NIP was trapped within the first one-two cm of the column. When the NIP was modified, more particles were eluted. Modified NIP with Triblock polymer resulted in higher elution (more than 90%) as compared to that with dodecylbenzene-sulfonic acid, sodium salt (SDBS) (48%). The study showed that transport depends on NIP concentration; and that at a low concentration of 180 mg=L about 50% of iron eluted. It was shown that an increase in ionic strength decreases the transport abilities of both NIP and modified NIP. In the case of NIP, there was no transport when the ionic strength was increased more than 1 mM NaHCO 3 . There are more particle-particle interactions than the particle-sand interactions. In the case of surface-modified NIP, there was no pore plugging and sticking (Saleh et al. 2007) .
Studies investigating the transport and reactivity of NIP through porous media are scarce (Reddy and Darko-Kagya 2008) . The objective of this study was to determine the reactivity, transport, and degradation behavior of NIP and LMNIP. A series of batch and column transport experiments was conducted using field sand as a model porous media spiked with PCP. Batch test results presented by Daro-Kagya et al. (2010) showed that reactivity with PCP increases with increasing NIP and LMNIP concentrations, whereas the reactivity of LMNIP initially is less than bare NIP, but at later times the reactivity of LMNIP becomes as high as the bare NIP.
This paper presents column transport experiments that were performed to investigate the effects of NIP, LMNIP, and hydraulic gradients on the extent of transport, degradation and removal of PCP. The results of this study are useful to assess the feasibility of using LMNIP for in situ remediation applications.
Materials and Methods

Nanoscale Iron Particles
The NIP used in this study were obtained from Toda Kogyo (Hiroshima, Japan). NIP are found to consist of 50 weight% elemental iron core (α-Fe) and 50 weight% magnetite shell (Fe 3 O 4 ) as shown in Fig. 1(a) . The particles had an average Fig. 1 . Structure and scanning electron micrograph image of nanoscale iron particles diameter of 70 nm, with a range of 50-300 nm, as shown in Fig. 1(b) . The main properties of NIP are summarized in Table 1 . These NIP possess electromagnetic properties (Okinaka et al. 2005; Darko-Kagya et al. 2010) . These particles are manufactured in bulk and available at a current cost of $25 to $65 per kilogram. Because of their nontoxic characteristics and relatively low cost, these particles are suitable for subsurface contaminant remediation. The NIP used in these experiments were chosen over other synthesized nanoscale particles because they do not contain undesirable trace elements (e.g., boron).
Chemicals PCP (98% purity) was obtained from Aldrich (St. Louis, MO) FW 266.34) . Aluminum lactate was used for surface modification of NIP and this was obtained from Aldrich (CAS-18917-91-4). Aluminum lactate was selected on the basis of testing with different dispersants, and it is environmentallyfriendly. Electrolyte solution was used to simulate typical groundwater conditions. The electrolyte contained 0.006 M sodium bicarbonate, 0.002 M calcium chloride, and 0.001 M magnesium chloride. The pH, total dissolved solids, and electrical conductivity of the electrolyte solution were 7.55, 500 mg=L, and 1020 μS=cm, respectively (Table 2) .
Pentachlorophenol-Spiked Soil
Field sand was used in this study to represent typical soils encountered at the sites where it is feasible to implement this technology. Some previous studies were conducted using glass beads, which do not represent real-life soils. The properties of the field sand are shown in Table 3 . The sand is classified as poorly graded sand with unified soil classification symbol, SP, as shown in Fig. 2 . Less than 1% organic matter was present in this soil.
Tests were conducted on the field sand spiked with PCP at a target concentration of 89 mg=kg. About 600 mL hexane was used to dissolve 100 mg of solid PCP. To ensure that all the PCP solids are dissolved, the PCP-hexane mixture was placed on a magnetic stirrer for approximately 45 min. One kg sand was weighed in a large glass beaker. The hexane-PCP solution was added to the soil in the beaker and mixed well with a stainless steel spoon continuously for approximately 30 min to ensure the PCP was distributed homogeneously. The soil-hexane-PCP mixture was placed in a ventilation hood for a week to dry the mixture. During the drying period, the soil was mixed regularly to ensure uniform spiking and drying.
Testing Setup, Variables, and Procedure
The horizontal column test setup used for this study is shown in Fig. 3 . The setup consisted of a soil cell, inlet reservoir, and outflow Fig. 2 . Grain size distribution of the field sand Fig. 3 . Experimental setup used in this study collector. The soil cell had an inside diameter of 3.81 cm, a length of 14 cm, and was made of Plexiglas. One end of the soil cell was connected to a Marriott tube filled with NIP or LMNIP at the desired concentration. Four different column tests were performed to determine the extent of transport of NIP and LMNIP at two different input concentrations (1 and 4 g=L), and the resulting reduction of PCP in the soil. Two different NIP concentrations (1 and 4 g=L) were prepared by mixing the required mass of NIP in 1 L electrolyte solution. For LMNIP, 10% aluminum lactate (on the basis of mass with respect to NIP mass) also was added to the NIP and electrolyte solution.
The testing procedure involved placing spiked sand in the soil cell in uniform layers and compacting each layer using a stainless steel rammer to ensure uniform density. The same amount of dry soil was used for each column experiment, which resulted in the same initial density of the soil. Porous stones and end caps were then connected to both ends of the soil cell. One end of the cell was connected to a Mariotte tube and the other end was connected to an outflow collection glass jar. Initially, the Mariotte tube was filled with electrolyte solution and the sand was then saturated with it. On the basis of the outflow in a given time under constant hydraulic gradient conditions, the initial hydraulic conductivity of the sand was determined. Then, the electrolyte in the Mariotte tube was replaced with the selected NIP or LMNIP with known concentration.
The NIP was allowed to flow through the sand cell under a predetermined constant hydraulic gradient (flow velocity). During the flow, visual observations were made on the basis of the contrast in color of the sand to determine the pattern and extent of NIP transport. Periodically, the NIP or LMNIP in the Mariotte tube was shaken to avoid immediate settling of the particles. Effluent samples were collected in 120 mL bottles (approximately every three pore volumes), and the volume was measured and then saved for subsequent determination of iron and PCP concentrations. The testing was continued until a cumulative flow of about 25 pore volumes was achieved. At the end of the testing, the soil sample was extruded and sectioned into four parts. Representative soil specimens from each section were visually observed, photographed, and analyzed for iron and PCP concentrations.
Chemical Analysis
After separation of soil and solution, the soil was extracted with solvent for 24 h using 1:3 (v/v) mixture of water and ethanol (Khodadoust et al. 1999) . The extracts were then analyzed for PCP using gas chromatography (GC) according to EPA method 8,041 (USEPA 2007). The aqueous supernatant solutions were filtered and acidified with HCl to less than pH 2 before liquid-liquid extraction into hexane, followed by injection into GC. The extracts and supernatant solutions also were analyzed for phenol using GC according to EPA method 8,041 (USEPA 2007) . The concentration of iron in soil samples was analyzed on the basis of acid digestion and atomic absorption spectroscopy (AAS) according to the EPA methods 3050B and 7000B (USEPA 2007) . The iron concentration in the effluent samples was determined directly by AAS. Fig. 4(a) shows the concentration of residual iron in the soil sections after completion of the experiments. There is no significant difference in iron concentration at low concentrations of NIP and LMNIP (1 g/L); however, a significant difference is observed in the distribution of iron in the soil between NIP and LMNIP tests conducted with higher concentrations (4 g=L). The 4 g=L bare NIP was able to transport into the first section during the initial stages when NIP was stable; however, at later times, bare NIP aggregates and settles, limiting any further transport. The 4 g=L LMNIP increased the iron concentrations throughout the soil relatively uniformly. The iron concentration in the first section was more for the 4 g=L bare NIP as compared to that for 4 g=L LMNIP. This result does not imply that there was better transport of 4 g=L bare NIP if one examines the amount of iron removed in the effluent.
Results and Discussion
The results in Fig. 4(b) show that iron was undetected in the effluent for the tests conducted with 4 g=L NIP, 1 g=L NIP, and 1 g=L LMNIP. This is consistent with Fig. 4(a) , in which it was observed that most of the NIP resided in sections close to the inlet. However, more NIP exited the soil column in the case of 4 g=L LMNIP. These results demonstrate that the 4 g=L LMNIP was transported better through the soil column compared to other NIP conditions tested.
Aluminum lactate at higher concentration served as an effective dispersant, making the NIP more stable in suspension, and enhancing NIP transport through the soil column. Increased stability of NIP with lactate is achieved attributable to reduced van der Waals forces, electrostatic and magnetic attractions among the NIP particles, and the NIP attachment to soil. Lactate also may have enhanced steric stabilization, thereby making the NIP more dispersed in solution during transport.
On the basis of the outflow volume measured at different time periods during saturation with electrolyte, permeability (hydraulic Fig. 4 . Analysis of iron concentrations in the experiments: (a) distribution of iron used in the soil after testing; (b) concentration of iron in effluent conductivity) was calculated on the basis of Darcy's law. The initial hydraulic conductivity varied from 0.022 to 0:042 cm=s and this variation is attributed primarily to differences in fabric of the soil in the columns. Fig. 5 shows the calculated hydraulic conductivity with increasing number of pore volumes of flow for all four tests with NIP or LMNIP solutions. The 4 g=L LMNIP exhibited a high flow rate compared with the other test conditions and resulted in maintaining a higher permeability (> 0:03 cm=s) until the end of the testing. In contrast, in the case of 4 g=L bare NIP, permeability was high for the first five pore volumes of flow, but then it showed a drastic declining trend, with a value of 1:96 × 10 À3 cm=s at the end of testing (or after approximately 20 pore volumes of flow). The decrease in hydraulic conductivity is attributed to aggregation of NIP, therby limiting mobility. It also may be attributed to particleparticle attraction or particle-soil attraction leading to clogging of the pores, thereby reducing the flow and permeability. At low concentration, there was no significant decrease and the hydraulic conductivity value of approximately 0:01 cm=s was achieved with the bare NIP or lactate-modified NIP. These results show that higher concentrations of NIP without any surface modification can reduce the permeability, leading to changes in flow patterns and inadequate remediation performance. Fig. 6(a) shows the distribution of residual PCP in the soil at the end of testing. Transport of NIP in experiments with bare NIP and 1 g=L LMNIP was not uniform, and most of the PCP degradation occurred near the inlet where NIP could be transported during the initial stages of testing. The amount of PCP residing in the sections of the 4 g=L LMNIP test was uniform across the soil sample. The transport of NIP is enhanced by more concentration of lactate, The uniform distribution of LMNIP resulted in uniform reduction of PCP throughout the soil column. However, residual PCP concentrations in this test were more than the other three tests conducted. The lower reduction of PCP may be attributed to reduced reactivity of NIP because of more concentration of lactate (Darko-Kagya et al. 2010) and also attributable to low residence time within the column. As stated previously, hydraulic conductivity in this test remained high and LMNIP transported throughout the column at a relatively faster rate compared to other tests. A lower gradient (flow rate) may have the potential to transport and maintain adequate residence time for LMNIP to react with PCP in the soil column.
The amount of PCP eluted from the horizontal soil column is shown in Fig. 6(b) . In all tests, very low amounts of PCP were removed owing to the relatively low aqueous solubility of PCP. More PCP was removed in the 4 g=L NIP test; however, the 4 g=L LMNIP test experienced the lowest removal of PCP from the soil column. More removal of PCP without degradation in the 4 g=L NIP test shows that the bare NIP did not migrate far with the PCP attributable to limited mobility. Figs. 7(a) and 7(b) show that the addition of lactate reduces the pH both in the sections and in the effluent, and this might be attributable to the fact that lactate is an acidic salt and dissolves in solution, thereby reducing the pH. The pH in the effluent is slightly less than in the soil sections. The lowering of pH may have resulted in partial solubilization of native iron in the soil, affecting the iron distribution in the soil [ Fig. 4(a) ]. However, the lowered pH did not have much effect on the eluted iron [ Fig. 4(b) ]. Figs. 8(a) and 8(b) show that conductivity and total dissolved solids decrease as the number of pore volumes increases. These results are attributed to changes in the ionic strength owing to transport of electrolyte, dissolved constituents in the soil, and introduced aluminum lactate. Total dissolved solids and conductivity are more in solutions with lactate than in solutions without lactate. The use of aluminum lactate increases the ionic strength of the pore water attributable to aluminum (Al 3þ ), and lactate may cause dissolution of metal oxides and hydroxides present in the soil as it is transported. Higher conductivity and TDS of effluent in the 4 g=L LMNIP test confirms the presence of more iron as a result of enhanced transport by lactate. Fig. 9 clearly shows that PCP degradation in all the tests was over 50%. Degradation and the removal of PCP were 61.2 and 9.7%, respectively, for the 1 g=L LMNIP test; and 51.6 and 6.4%, respectively, for the 4 g=L LMNIP test. Reddy and Karri (2008b) and Darko-Kagya et al. (2010) showed that degradation of PCP increases with NIP concentration on the basis of batch experiments, but limited and nonuniform transport of bare NIP in the column tests resulted in overall less degradation of PCP. In the case of 1 g=L LMNIP, particles were better dispersed and their mobility was enhanced as compared to 1 or 4 g=L bare NIP, resulting in more PCP degradation. The 1 g=L LMNIP also resulted in more degradation as compared to that of 4 g=L LMNIP because of their higher reactivity and longer residence time within the soil column.
Conclusions
The objective of this study was to determine the transport of NIP and LMNIP in PCP-contaminated field sand and consequent PCP degradation and removal. On the basis of the series of column experiments conducted, the following conclusions can be drawn:
• Surface modification of NIP with aluminum lactate enhanced the stability of NIP and enhanced their transport in field sand. The effect of lactate on stability of NIP was more evident at higher concentration (4 g=L) as compared to lower concentration (1 g=L).
• Permeability of the field sand was reduced significantly in tests with high concentration of bare NIP (4 g=L); however, permeability was not significantly affected in other tests with bare NIP at low concentration (1 g=L), and LMNIP at high and low concentrations (4 and 1 g=L).
• The transport of bare NIP was limited and nonuniform, whereas the lactate-modified NIP was transported through the column uniformly. Initially, bare NIP was stable and transported into the soil to certain distance. Once the bare NIP aggregated and settled, no further transport of bare NIP occurred. During the initial transport of bare NIP, PCP was degraded. Thus, more degradation of PCP was observed near the inlet location as compared to the outlet location. In contrast, LMNIP was transported uniformly to further distances, but owing to less reactivity of LMNIP as compared to that of bare NIP, less amounts of PCP were degraded.
• The degradation of PCP was 53.2 and 54.8% with bare NIP at concentrations of 1 and 4 g=L, respectively; and 61% and 51.6% with LMNIP at concentrations of 1 and 4 g=L, respectively. Overall, the results showed that LMNIP favors relatively uniform transport in the field sand, but the extent of PCP degradation is lowered by actate modification. Further research is underway to optimize the LMNIP that provides efficient delivery and enhances reduction of PCP in the soil.
